is a novel tumor-suppressor gene that has different alternative splice isoforms. It has been shown that new smallest isoform of human IL-24 gene, lacking three exons, induces higher levels of cytotoxicity than all the isoforms, indicating shortest isoform of IL-24 may be a new promising anti-cancer agent. In this study, we aimed to provide a reproducible method for recombinant production of the smallest isoform of . The Structure of sIL-24 was analyzed using bioinformatics tools Prosa, RAMPAGE and SPDBV version 4.1). The DNA sequence encoding sIL-24 was chemically synthesized and sub-cloned into the pET-32a (+) vector for further protein expression in Escherichia coli BL21 (DE3) strain. Upon IPTG induction, sIL-24 peptide was expressed as a thioredoxin fusion protein. The recombinant sIL-24 was released from the fusion by TEV protease cleavage followed by nickel affinity chromatography. The yield of the purified sIL-24 was estimated about 380 μg/ml. MTT assay showed that sIL-24 peptide inhibited the proliferation of PC-3 cancer cells more effectively than full length IL-24 protein, while none affect the survival of MRC-5 normal cells. These results indicate that the presented expression system is an efficient system for the production of small functional recombinant sIL-24 peptide.This functional peptide may have cancer therapeutic application.
INTRODUCTION
polymerase is expressed by addition of isopropyl-1-thio-β-D-galactopyranoside (IPTG) to the growth media which induces high levels of target protein expression from T7 promoter driven expression vectors (pET series of plasmids) 28 . Previous studies have shown that full-length IL-24 has the ability to induce significant cytotoxic activity in a wide range of cancer cells without affecting normal cells, including firoblasts, epithelial cells, melanocytes and astrocytes 7, 29 . In the present work, to study biological function of recombinant smallest isoform of IL-24 and comparison of its effects to full-length IL-24, we used IL-24 cognate receptors positive prostate cancer cell line PC-3 and normal fibroblast cell line MRC-5. To date there has been no report of the recombinant production of smallest isoform of IL-24.This study is the first report of the recombinant expression and purification of the smallest isoform of human IL-24 in Escherichia coli that provides promising scope for its application as a therapeutic agent.
MATERIALS AND METHODS
Strains, plasmids and enzymes E. coli BL21 (DE3), E. coli TOP10 and plasmid pET-32a (+) were obtained from Novagen, USA. Restriction enzymes and T4 DNA ligase were purchased from Fermentas, USA. TEV protease was purchased from Sigma, Germany.
Bio-informatics Analysis
mRNA sequence of human full-length IL-24 gene was obtained from NCBI GenBank (www.ncbi.nlm.nih.gov/genbank/) under accession No. NM_001185156.1. Considering that the sIL-24 ORF is predicted to include sequences from exons 6 and 7, we find out nucleotide and amino acid sequences of sIL-24 ORF. The amino acids sequence was analyzed by Expasy MW/pI (web.expasy.org/compute_pi/) to compute the molecular weight and pI of the peptide 30 . sIL-24 modeling was performed using Threading ASSEmbly Refinement (I-TASSER) server (http://zhanglab.ccmb.med.umich.edu/I-TASSER 31 . Validation and analysis of modeling results were carried out using protein structure analysis (Prosa) server (https://prosa.services.came.sbg.ac.at/prosa.php), Swiss PDB Viewer (SPDBV) software (version 4.1) and Ramachandran Plot Analysis (RAMPAGE) server (http: //mordred.bioc.cam.ac.uk /~rapper /rampage.php) [32] [33] [34] . The C-score (a confidence score for estimating the quality of predicted model) ,TM-score (scale for measuring the structural similarity between two structures) and RMSD (known as standards for measuring structural similarity between two structures which are usually used to measure the accuracy of structure modeling when the native structure is known) were given in the I-TASSER output page. Z-score (overall model quality) and energy plots were calculated using Prosa server.
Construction of recombinant expression plasmid
The coding sequence of sIL-24, sequence of TEV protease (TEVp) cleavage site, BamHI and XhoI endonuclease sites, were chemically synthesized according to codon preference of E. coli. Coding sequence for TEVp site was incorporated at the 5´ end of sIL-24.This sequence was ligated into the expression vector pET-32a at BamHI/XhoI restriction site downstream to the gene of fusion partner thioredoxin (Trx). The resultant recombinant plasmid was named pET32a/sIL-24.The ligation mixture was transformed into E. coli TOP10 a competent cells for propagation of the recombinant plasmid. Transformed bacteria were cultured on LB agar containing 100 μg/ml of ampicillin and selected colonies were analyzed for the presence of the recombinant plasmid by PCR, restriction enzyme digestion and DNA sequencing.
Expression of Fusion Protein
The confirmed pET32a/sIL-24 recombinant plasmid containing fusion gene was transformed into competent E. coli BL21 (DE3) cells, and the transformed cells were grown overnight in 5ml LB broth (with 100 µg/ml ampicillin) at 37˚C. This overnight culture was used to inoculate 50 ml of fresh LB medium and cells were grown at 37˚C in a shaker incubator. When the culture OD600 reached 0.5, the expression of fusion proteins was induced by adding isopropyl-b-Dthiogalactopyranoside (IPTG) (Invitrogen, USA) to a final concentration of 0.2mM. After additional 4 h cultivation at 160 rpm and 37˚ C, the cells were collected by centrifugation at 5000 rpm for 10 min at 4˚C. The presence of recombinant fusion protein in the induced culture were analyzed by 15% SDS-PAGE followed by Coomassie brilliant blue staining. In order to test solubility of recombinant fusion protein, the bacterial pellet was obtained from 50 mL of cell culture following induction with IPTG and resuspended in 5 ml ice-cold phosphate-buffred saline (PBS).After having freeze-thawing in liquid nitrogen and cold water (4˚C), the cells were broken by sonication on ice centrifuged at 12000 rpm for 15 minutes at 4˚C. The presence of fusion protein in the pellet (insoluble fraction) and clear supernatant (soluble fraction) was analyzed on 15% SDS-PAGE.
Purification of Fusion Protein
Bacteria from 50 mL induced culture were pelleted by centrifugation at 5000 rpm for 10 minutes at 4˚C. The bacterial pellet was resuspended in 50 mL PBS, then lysed by three cycles of freeze-thawing in liquid nitrogen and cold water (4˚C), sonicated for 20 cycles of 20 sec, and centrifuged at 12000 rpm for 15 minutes at 4˚C. The pellet was resuspended in buffer B (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea; pH 8.0) containing cocktail of protease inhibitor (Roche, Germany) and incubated for 1h at room temperature with shaking to solubilize the inclusion body proteins. The suspension was centrifuged at 12000 rpm for 15 minutes at 4˚C. The clear supernatant was collected and loaded on l ml of Ni-NTA resin (Genscript, USA) pre equilibrated with buffer B. The resin-sample suspension was gently agitated at room temperature for 1 h to allow protein to bind to resin and then centrifuged at 1000 rpm for 5 minutes. The supernatant was removed and the resin was washed with 2 ml of buffer B and buffer C (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea; pH 6.3), respectively. The fusion protein bound with Ni-NTA resin was eluted for five times by adding 1 ml of buffer E (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea; pH 4.5). Fractions corresponding to the fusion protein, as identified by SDS-PAGE, were pooled and refolded by dialysis against decreasing concentrations of urea in 100 bed volumes of 25 mM Tris-HCl buffer containing150 mM NaCl, 14 mM βmercaptoethanol, 10% glycerol, 0.2 M Arginine, at 4˚C for 24 h. After dialysis, Protein concentrations were estimated by using the Bradford assay reagent.
Western blot analysis
Protein samples were subjected to 15% SDS-PAGE and electrophoretically transferred onto nitrocellulose membrane (Roche, Germany). The membrane was blocked overnight at 4˚C with 5% skim milk in TBST buffer (0.3% Tris, 0.8% NaCl, 0.02% KCl and 0.1% Tween 20).Then, the membrane was incubated with anti-IL24 antibody (corresponding to a sequence within amino acids 142-206 of Human IL-24) (Abcam, USA) at 1:1000 dilutions for 2 h at room temperature. The membrane was washed with TBST buffer for three times and followed by 2 h incubation with 1:5000 Horse Radish Peroxidase (HRP) conjugated rabbit secondary antibody (Abcam, USA). After three washes, the bound antibodies were visualized using DAB (3, 3'diaminobenzidine tetrahydrochloride) substrate (Sigma, Germany) for HRP.
Proteolytic cleavage of fusion protein with TEV
To release sIL-24 from the fusion protein, TEVp was added to fusion protein at mass ratio of 1:100 (w/w) according to the manufacturer's instruction .The mixture was incubated at 4˚C for 16 h. The extent of cleavage of fusion protein was estimated by 15% SDS-PAGE. The cleavage reaction was then applied to nickel affinity chromatography again to remove Trx-6×His tag, His tagged TEVp, and residual undigested fusion proteins. The purified recombinant peptide was analyzed by SDS-PAGE and western blot.
Functional study of the recombinant sIL-24
The human prostate cancer cell line PC-3 and normal human fetal lung fibroblast cell line MRC-5 were purchased from National Cell Bank of Iran (Pasteur Institute, Tehran, Iran). The cells were seeded into 96-well tissue culture plates (1×10 4 cells/well) and incubated for 24 h at 37˚C and 5% CO2.The cells were treated with the sIL-24 peptide, recombinant full-length IL-24 protein (Sigma, Germany) and PBS as a negative control at the designated concentrations. After 24 h treatment, 10 µl of 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) labeling reagent (Roche, Germany) was added to each well. Cells were incubated at 37˚C and 5% CO2 for 4 h. Then, 100µl of the solubilization solution was added to each well and followed by incubation at 37˚C overnight to dissolve formazan crystals. Finally, Absorbance from the plates was read at 570 nm wavelengths by an ELISA plate reader (Bio Teck, USA). The concentration of sIL-24 peptide that inhibited cell proliferation to 50% of the control PBS (IC50) was calculated from at least three independent experiments in quadruplicate format for each treatment. Percent growth inhibition of treated cells was calculated as follows: % inhibition=100-(test OD/nontreated OD) ×1 00). Concentration that inhibits 50% of cancer cell proliferation was used as a parameter for cytotoxicity.
Statistical analysis
The data represented in this study are mean ± standard error of the mean (SEM) of at least three identical experiments in quadruplicate replicate. Analysis of variance (ANOVA) followed by a two-tailed unpaired t-test was used to assess the significant differences between groups and p values < 0.05 were considered statistically significant. All analyses were conducted using the IBM SPSS Statistics 20 software. The graphs were created in the software program Excel.
RESULTS

Bio-informatics Analysis
In silico prediction of 3D structure of sIL-24 was done using I-TASSER server (Fig.  1A) . Validation of the 3D models was performed by related bioinformatics tools. The C-score (-0.23), TM-score (0.68), and RMSD (3.79) of the model indicated that the model has a high confidence value with correct topology. The structure Z-score (-2.07) indicated that the model is within the range of native proteins of the similar size (Fig. 1B) . With regard to the Ramachandran plot of the sIL-24, 95.7% of its residues were in most favored areas (Fig. 1C) . The plot of the residues scores showed that overall the residue energies were largely negative for the model with the exception of some peaks in the N-terminal part (Fig. 1D ). 
Construction of expression vector pET32a/sIL-24
The sIL-24 coding sequence with an N-terminal TEVp cleavage site and BamHI and XhoI recognition sequences was synthesized. This fragment was then inserted inframe with the 6× His-tag sequence that is at the carboxyl-terminus of the thioredoxin gene in the fusion expression vector pET-32a The open reading frame of the fusion protein Trx-sIL-24 encodes a protein of 243 amino acids, which consists of a Trx Tag, a 6 His Tag, a S Tag, a 48 residue mature peptide sIL-24 and a TEVp.The pET32a/sIL-24 recombinant vector was confirmed by PCR, restriction endonucleases digestion and DNA sequencing (data not shown). Figure 2 shows a schematic representation of the recombinant fusion protein expression and peptide release strategy. 
Expression and purification of fusion protein Trx-sIL-24
E. coli BL21 (DE3) was transformed with pET32a/sIL-24 recombinant expression vector and was induced with IPTG. Theoretically, the molecular weight of the target product of pET32a/sIL-24 should be 26.9 KDa. Induced and uninduced cultures were compared by SDS PAGE. A specific band of about 26.9 kDa clearly indicated that the target fusion protein Trx-sIL-24 was expressed (Fig. 3A) . To examine the distribution of fusion protein expressed under optimal conditions in soluble and insoluble fractions, both the supernatant and pellet of cell lysate after sonication were analyzed by SDS-PAGE. The majority of Trx-sIL-24 fusion protein was insoluble (Fig. 3B) . Therefore, the His-tagged fusion protein was purified under the denaturing condition using nickel affinity chromatography. The identity and purity eluted Trx-sIL-24 was analyzed by SDS-PAGE and Western blot which detected a single band of about 26.9 kDa ( Fig. 3 A and C) . The purified Trx-sIL-24 was then thoroughly dialyzed to ensure the removal of all denaturing agents and to allow the protein to acquire a refolded conformation.The expression yield of the purified fusion protein Trx-sIL-24 was determined about 450 µg/mL. 
TEV cleavage and preparation of sIL-24 peptide
To generate recombinant sIL-24 peptide, the purified fusion protein Trx-sIL-24 was treated with TEVp. Reasonably efficient cleavage was achieved after 16 h incubation at 4˚C at 100 µg fusion protein per unit TEVp. TEV cleavage of the sIL-24 peptide from the Trx fusion protein results in release of sIL-24 with a native N-terminal Methionine provided by the TEV protease site ENLYFQ/M. Two bands, Trx fusion carrier 21.2 kDa and sIL-24 5.7 kDa, are clearly demonstrated in the SDS-PAGE ( Fig. 4 A) . Following TEV cleavage the sIL-24 peptide was successfully separated from reaction product by nickel affinity chromatography. The yield of the purified recombinant sIL-24 peptide protein was estimated by Bradford assay as 380 μg/mL. To confirm the purity of the final sIL-24 product, SDS-PAGE and Western blot was performed and revealed a single band close to 5.7 kDa in excellent agreement with the calculated molecular weight of 5.7 kDa (Fig 4 A and B) . 
Functional study of the recombinant sIL-24
To assess the functional effect of sIL-24, PC-3 and MRC-5 cells were cultured in 96well plates and treated with sIL-24 compared with commercial recombinant fulllength IL-24 at different concentrations. As shown in Figure 5 , sIL-24 protein treatment significantly inhibited the PC-3 cell growth. In contrast, no negligible toxicity was observed in control MRC-5 cells. Data analysis of MTT assay showed that IC50 of the sIL-24 and full-length IL-24 in PC-3 cells was 0.48 µg/mL and 1.65 µg/mL respectively. The data indicate that the sIL-24 could kill cancer cells more powerfully than the full-length IL-24. 
DISCUSSION
IL-24 has recently received research attention for its ability to selectively induce apoptosis in cancer cells while having minimal effect on normal cells. A recent study characterized and compared the pro-apoptotic properties of five mRNA splice isoforms of the tumor suppressor gene mda-7/IL-24 and found that these mda-7/IL-24 isoforms exhibited varying effects on the viability of U2OS cells. Interestingly, a novel shortest isoform, which lacks exons 2, 3 and 5, demonstrated to be the most potent apoptotic inducer of all the isoforms tested, including the full-length mda-7/IL-24 variant. It is known that cytotoxic activity of mda-7/IL-24δ2,3,5 isoform is due to its small protein product 25 . These results suggest the IL-24 related protein products may lead to new cancer therapeutics. In the present study, we aimed to provide a reliable and simple system for recombinant production of the smallest isoform of .The open reading frame (ORF) of the sIL-24 generates a peptide with 48 amino acids. Prediction of the 3D structure of sIL-24 using I-TASSER, Prosa and Ramachnadran plot indicated that the sIL-24 peptide is with correct topology and within the range of native conformations. The expression of sIL-24 requires fusion partner, since low molecular weight sIL-24 without fusion partner is highly susceptible to proteolytic degradation. A number of fusion partners with different size and properties are available 35, 36 . Thioredoxin (Trx) fusion system is widely used for recombinant expression of proteins and peptides in the E. coli. Trx ҆ s small size (∼12 kDa) makes it especially favorable for recombinant peptide production, because it allows the peptide of interest to comprise a relatively large percentage of the fusion 37 . Furthermore, Bogomolovas et al have shown that, among different carrier proteins tested, thioredoxin fusion provided the highest yield of the target peptide 38 . Therefore, to express sIL-24 peptide in E.coli, we used pET-32 a commercial thioredoxin fusion vector. The designed construct containing TEV recognition site and coding sequence of sIL-24 was inserted between the BamHI and XhoI restriction sites of pET-32a. The presence of a His-tag in the fusion facilitates protein purification by affinity chromatography. The analysis of SDS-PAGE and western blotting indicated that Trx-sIL-24 was successfully expressed at high yields in E. coli. However, Trx-sIL-24 fusion protein was unexpectedly expressed in the insoluble form, which is different from many other reports that Trx was a useful fusion partner for expression of soluble proteins. It was also reported that full length of IL-24 24 protein was expressed with Trx fusion partner in the insoluble form 39 . Some properties of the expressed protein, such as post-translational modifications, hydrophobicity, net charge, compositions of compositions of N-and C-terminal residues and secondary structure are determining factors in the formation of inclusion bodies 40 . Presumably, the expression of full length-IL-24 and sIL-24 in the inclusion body could be related to C-terminal residues. As Trx-sIL-24 fusion protein was insoluble, it is a challenging task to solubilize inclusion bodies and refold the solubilized protein molecules into the native conformation. Since sIL-24 is a small peptide lacking cysteine residues, correct refolding of biologically active of the protein is readily feasible. Moreover, in pET32a (+) system used in this study, the Trx fusion tag expressed from the vector could increase the recovery of soluble target protein isolated from inclusion bodies 41 . After purifcation and renaturation, recombinant fusion protein must be cleaved by enzymes or through chemical reactions to release the peptide in its native form of interest for biological studies. TEVprotease is a highly site-specific protease that is found in the Tobacco Etch Virus (TEV). Because its sequence specificity is far more stringent than that of enterokinase, factor Xa or thrombin, TEV protease is a very useful cleavage reagent 42 . In this study, we introduced a TEVp recognition site in the upstream of sIL-24 coding sequense. TEV protease recognizes a 7 amino acid sequence of Glu-Asn-Leu-Tyr-Phe-Gln-(Gly/Ser) and cleaves between Gln and Gly or Gln and Ser. A systematic study by Kapust et al. demonstrated that many different amino acids can be incorporated in the P1' position (Gly or Ser) of a TEV protease recognition site with little impact on the processing efficiency 43 . In our study, to obtain sIL-24 without additional N-terminal amino acids, Gly or Ser was substituted with Met. TEV cleavage of the fusion protein was efficiently performed between Gln and Met and resulted in release sIL-24 peptide with a native n-terminal Met. These results support that different P1'variants in the fusion proteins can be substrates for TEVp. As Trx and TEVp include 6×His-tag and sIL-24 does not contain 6×His-tag, we could use nickel affinity chromatography to purify target peptide.This allowed the more efficient recovery of peptide. Biological activity studies revealed significant cytotoxic activity of sIL-24 in PC-3 cancer cells but not in MRC-5 normal cells. Statistical analysis indicated that cytotoxic efficacy of sIL-24 peptide was more potent than full-length IL-24. Thus, our study confirms previous findings about the shortest isoforms of IL-24. A follow-up investigation of sIL-24҆ anticancer mechanism is currently underway in our lab.
CONCLUSION
This study was the first work that considered recombinant production and biological assessment of sIL-24.The results highlight the potential for producing small active peptide such as sIL-24 in a prokaryotic system. The significant cytotoxic activity of sIL-24 peptide in cancer cells suggests that sIL-24 may be a promising source of cancer therapeutic peptides.
